Glucose-6-phosphate dehydrogenase (G6PD) activity is essential for redox equilibrium of red blood cells (RBCs) and, when compromised, the RBCs are more susceptible to haemolysis. 8-aminoquinolines (primaquine and tafenoquine) are used for the radical curative treatment of Plasmodium vivax malaria and can cause haemolysis in G6PD deficient subjects. Haemolytic risk is dependent on treatment dose and patient G6PD status but ultimately it correlates with the number of G6PD deficient RBCs. The G6PD spectrophotometric assay reliably identifies deficient subjects but is less reliable in heterozygous females, especially when other blood conditions are present. In this work we analysed samples with a range of G6PD phenotypes and haematologic conditions from 243 healthy volunteers of Asian or African-American heritage using both the spectrophotomeric assay and the G6PD flow-cytometric assay. Overall 18.5% of subjects (29.3% of Asian females) presented with anaemia, associated with decreased RBCs volume (MCV) and reticulocytosis; the flow-cytometric assay showed good correlation with the spectrophotometric assay (Pearson's r 0.918-0.957) and was less influenced by haemoglobin concentration, number of RBCs and number of reticulocytes. This resulted in more precise quantification of the number of G6PD deficient RBCs and presumably higher predictive power of drug induced haemolytic risk.
The gold standard for G6PD diagnosis at the laboratory level is the spectrophotometric assay 3 which detects the total enzymatic activity in a haemolysate of blood (which can be depleted of white blood cells for more accurate analysis). Activity is calculated as change in absorbance at 340 nm (ΔAbs) at a given temperature and normalized by either the concentration of haemoglobin (giving a results in unit of enzyme per grams of haemoglobin, IU/gHb) or, more rarely, by the number of RBCs (unit of enzyme per RBC, U/RBC). The technique is influenced by the concentration of haemoglobin in the blood sample and can result in an estimated value of G6PD activity that is falsely high in subjects with anaemia or iron deficiency. Factors such as reduced RBCs volume, increased number of reticulocytes or a combination of both are believed to contribute to the increase in assessed activity.
Cytochemical techniques can detect an active G6PD enzyme at the single red cell level but they are laborious and technically challenging. The methaemoglobin reduction test (MRT) first developed by Brewer 4 exploits the capacity of RBCs with a functioning G6PD enzyme to reduce oxidized methaemoglobin (MetHb) to normal Hb. The method developed by Fairbanks and Lampe 5 is based on the capacity of G6PD to reduce [3-(4,5-Dimethylthiazolyl-2)-2,5-Diphenyltetrazolium Bromide] (MTT) into insoluble tetrazolium salts. Stained cells are then graded for the number of intracellular grains ('dots') which correlates to intracellular G6PD activity. The cytochemical staining method developed in 1985 6 is also based on the reduction of tetrazolium salts and it is suitable for analysis by flow-cytometry 7 but requires several hours of sample processing and staining and is technically challenging. Recently a more simple and rapid flow-cytometric read-out of the MRT has been developed 8, 9 .
In the past, assessment of G6PD activity performed by both cytochemical techniques and biochemical orspectrophotometric assays have shown generally good correlation; the cytochemical techniques showed higher diagnostic power in heterozygous females [10] [11] [12] [13] . No specific comparison of diagnostic accuracy between the two techniques has been performed so far in anaemic subjects or carriers of haemoglobinopathies. From a clinical point of view, it is difficult to predict whether chronic anaemia could be associated with an increased haemolytic risk since this would depend on the cause of anaemia (an increased number of reticulocytes due to chronic RBCs destruction seen in the thalassaemias versus bone marrow suppression for example). Whilst it is not expected that subjects with severe G6PD deficiency would be mis-diagnosed even when anaemic, a correct quantitative characterization of phenotype in heterozygous women, including those with anaemia, is essential for the safe deployment of radical curative treatment for P. vivax using high dose primaquine or other 8-amoniquinolines. In the present study we analysed samples collected among Karen and Burman people in Thailand and among African-Americans in the USA for a total of 243 healthy male and female volunteers with normal, intermediate and deficient G6PD phenotypes. We carried out complete blood characterization (including haemoglobin typing for the Asian samples), G6PD phenotypic characterization by both spectrophotometric and flow-cytometric assays and genotyping by full gene sequencing. In the study populations a sizable proportion of healthy subjects were expected to be anaemic and/or carriers of haemoglobinopathies therefore it was possible to analyse haematologic factors that may influence quantitative assessment of G6PD enzymatic phenotype with the two methodologies used.
Results
G6PD genotyping, haemoglobin type and associated haematologic characteristics. The study population was composed of 146 adult females and 97 adult males. Volunteers were recruited using a targeted enrolment strategy to allow the enrolment of a larger proportion of G6PD deficient subjects and heterozygous females as compared to the general population. Overall 48 G6PD mutated hemizygous males, 18 homozygous females (of whom one with 2 concomitant variants), 90 heterozygous females and 87 wild type (38 women and 49 men) were included (Table S1 ). Among the heterozygous women, one was carrier of a new variant (701 T > C corresponding to amino acid change Ile234Thr) here named "Shoklo". Hemizygotes and homozygotes were pooled for analysis and the group was called "hemi/homozygotes".
Blood features for the all samples are presented in Table 1 according to gender. Significant differences were found, as expected, in the number of RBCs and levels of haemoglobin (Hb), concentration of Hb and haematocrit. Anaemia defined as [Hb] ≤ 11.5 g/dL was found in significantly more women (23.8%) than men (10.1%, P = 0.007).
In the Asian samples, haemoglobin typing results showed that 10% of subjects had an abnormal haemoglobin type, 7 (4.8%) were beta-thalassaemia carriers, 5 (3.4%) were confirmed or suspected alpha-thalassaemia carriers, 2 (1.4%) were HbE carriers and 1 was Hb Constant-Spring carrier. For the purpose of the analyses, alpha-thalassaemia carriers were pooled with Hb normal (since their haematologic profiles were similar) and all subjects with other Hb variants were pooled together. Sixty percent of subjects with Hb variants were anaemic as compared to 17.9% among the Hb normal group (P < 0.01). The red cells volume (Mean Corpuscolar Volume, MCV) was analysed further according to the Hb type and G6PD genotype (Fig. 1A) since it is known to be low in subjects with Hb variants and has been shown to increase in subjects with G6PD deficient variants 14 . These predictions were confirmed by statistical analysis where MCV values for normal Hb samples in G6PD WT samples were significantly greater than Hb abnormal samples (P < 0.01) and, within the Hb normal group, MCV in G6PD deficient hemi/homozygotes was significantly greater than in G6PD heterozygotes and WT (P = 0.040 and P = 0.005 respectively). In the Asian sample only, reticulocyte count was also analysed according to G6PD genotype and Hb variant (Fig. 1B) . It is known that subjects with mutations on the G6PD gene have a higher reticulocyte count compared to G6PD wild type however, it is unclear whether subjects with Hb mutations might have increased reticulocyte count compared to Hb normal subjects. We performed statistical analysis to compare the distribution of reticulocytes in Hb normal specimens with G6PD mutations where hemi/homozygotes and heterozygotes had significantly elevated reticulocyte counts (P = 0.002 and P = 0.0001 respectively). When analysing subjects with Hb abnormal status, defined as having either a mutated Hb or being anemic (Fig. 1C) , elevated reticulocytes were found in G6PD hemi/homozygotes only when compared to wild type (P = 0.028). Overall the data confirmed that carriers of abnormal haemoglobins had decreased haemoglobin concentration and smaller MCV as compared to Hb normals, while subjects with G6PD deficiency, carriers of haemoglobinopathies or anaemic had higher reticulocyte number.
G6PD phenotypes.
In the Asian samples, G6PD results generated by flow-cytometry were analysed by both FlowJo software and a recently developed web-based tool called Mosaic G6PD Flow Tool; results from the new software were in excellent agreement (R 2 = 0.995) with the standard analysis therefore in this manuscript all results obtained using the Mosaic G6PD Flow Tool were used. Figure 2 shows the distributions of G6PD phenotypes according to the genotypes: by flow-cytometry as percentage of RBC with normal G6PD activity (A) and by spectrophotometry calculated as IU/gHb and IU/RBC (B and C). As expected, in both assays, the heterozygous women showed a wide distribution of activities while homozygous genotypes (both mutated and wild type) were at the extremes of the distribution. In the flow-cytometry method, the mutated hemi/homozygous genotypes always showed <10% normal RBCs. Conversely the wild type genotypes showed at least 85% G6PD normal RBCs Figure 1 . Analysis of MCV and reticulocytes according to G6PD and Hb variants. (A) Measured MCV by G6PD genotypes (G6PD hemi/homozygote; G6PD heterozygote; G6PD WT) and Hb type (Hb Normal and Hb mutated); Within the normal Hb group, MCV is statistically higher in G6PD hemi/homozygotes as compare to both heterozygote and wild type. (B) Measured reticulocytes by G6PD genotypes (G6PD hemi/ homozygote; G6PD heterozygote; G6PD WT) and Hb type (Hb Normal and Hb mutated); within the Hb normal group, reticulocyte count are statistically higher in both G6PD heterozygotes and hemi/homozygotes as compared to G6PD wild type. (C) Measured reticulocytes by G6PD genotypes (G6PD hemi/homozygote; G6PD heterozygote; G6PD WT) and anaemia [Hb Normal vs Hb abnormal (Hb mutated or anaemia)]; within the Hb normal group, reticulocyte count are statistically higher in both G6PD heterozygotes and hemi/homozygotes as compared to G6PD wild type. Within the Hb abnormal group, reticulocyte counts are statistically higher in G6PD hemi/homozygotes only when compared to wild type. Statistical significance of all comparisons is summarized in Supplementary Table S3. giving rise to extremely clear phenotypes. Assessment of activity by spectrophotometry showed instead larger distributions of phenotypes also in hemi/homozygous genotypes.
The correlation between the two assays was analysed by comparing the spectrophotometric enzymatic activity to the percentage of G6PD-normal RBCs (assessed by flow-cytometry) among all samples (Fig. 3A,B) . The correlation was good when spectrophotometric activity was expressed as IU/gHb (Pearson's r = 0.925, r = 0.915 and r = 0.917 in the Asian, African-American and pooled samples respectively) and very good when spectrophotometric activity was expressed as U/RBC (r = 0.949, r = 0.925 and r = 0.932 in the Asian, African-American and pooled samples respectively). All P values were < 2.2e-16.
When subjects with anaemia and abnormal haemoglobin type were excluded from the analyses, even higher correlations between the two methods were found when activity was expressed as IU/gHb (r = 0.957, r = 0.918 and r = 0.930 in the Asian, African-American and pooled samples respectively). No difference was seen from the analysis with the full sample when activity was expressed as U/RBC (r = 0.955, r = 0.925 and r = 0.934 in the Asian, African-American and pooled samples respectively). All P values were < 2.2e-16.
Comparison of activity assessed by spectrophotometry and flow-cytometry in heterozygous women. Inaccurate diagnosis of G6PD status is more likely in heterozygous women; using the data from 88 heterozygous women we compared the quantitative assessment of G6PD activity between spectrophotometry and flow-cytometry. The spectrophotometric activity as IU/gHb and U/RBC was compared with the actual percentage of normal RBCs (i.e. percent bright cells) as counted by the flow cytometer using a Bland-Altman plot (Fig. 4) . On average there was a small difference between the two techniques and the variance around the mean difference increased with G6PD activity expressed in IU/gHb.
Discussion
In the present study we compared G6PD activity assessed by the flow-cytometric assay to the gold standard spectrophotometric assay in a large number of healthy subjects from two different populations presenting a wide range of G6PD activities and haematologic pictures. The data showed that the flow-cytometric assay can be used to assess the actual number of RBCs with and without G6PD activity in freshly collected blood samples. Recently Kahn and colleagues 15 have shown that the assay can be used in cryopreserved RBCs and in blood stored for a few days (provided that they are supplied with additional substrate). In the current study we have tested stability of samples after staining (Supplementary Table S2 ) and we have shown that G6PD deficient RBCs tend to haemolyse after just one hour post-staining. Therefore flow-cytometric analysis should be performed within one hour otherwise the relative proportion of normal and deficient red blood cells can drastically change over time, especially in blood from heterozygous women.
Previous studies have already compared the performances of flow-cytometric technique against spectrophotometric assay in blood with African G6PD variants 8, 9 showing very good correlation overall. In this study we confirm those findings and highlight the differences observed when activity is calculated with respect to Hb concentration or number of RBCs in blood samples coming from subjects with anaemia and other blood conditions. Anaemia was found in 18.5% of the overall sample and as high as 29.3% in females in the Asian samples; indeed, this represents a sizeable proportion of the population where oxidative anti-malaria treatments are expected to be deployed. The correlation between flow-cytometry and spectrophotometry was very good in non anaemic, Hb normal subjects; in the whole sample the concordance between the two techniques was higher when G6PD activity was expressed as U/RBC rather than IU/gHb (Fig. 3) . The lower correlation found between spectrophotometry (IU/gHb) and flow-cytometry in anaemic subjects could be due to a mere numerical issue, i.e. the absorbance value is normalized by a low numeric value of Hb giving a falsely high result when activity is expressed as U/gHb. From our data the increased number of reticulocytes in anaemic subjects seemed to play a role. Reticulocytes are likely to increase the overall spectrophotometric activity in hemolysate due to their larger size and higher active metabolisms 16, 17 while with the flow-cytometric technique they are classified just as G6PD normal RBCs. In anaemic subjects thus the spectrophotometric assay tends to overestimate the proportion of G6PD normal RBCs (resistant to haemolysis).
When anaemia is caused by abnormal Hb variants, questions could be raised about the haemolytic risk associated with 8-aminoquinoline treatments in carriers of both Hb variants and G6PD mutations. Distribution of abnormal haemoglobin variants is super-imposable on that of G6PD deficiency and malaria 18 ; in certain populations of Southeast Asia, Hb E prevalence reaches peaks of 60-70% 19 . Both Hb E and beta thalassaemia have been found to be associated with increased intracellular oxidative stress 12, 20, 21 . In contrast in early observations of the Sardinian population where beta-thalassaemia and G6PD deficiency co-exist, it was noted that subjects with G6PD deficiency and concomitant beta-thalassaemic trait were less likely to have favism as compared to G6PD deficient subjects with a normal haemoglobin type 22, 23 . Other early reports have shown that G6PD activity was increased in beta-thalassaemia carriers only when activity was calculated as IU/gHb 24 or independently from the normalization used (either IU/gHb or U/RBC) 14 . A concurrence of microcytosis and increased number of reticulocytes might explain these findings; in this study carriers of Hb variants have increased reticulocyte numbers, which would be predictive of a lower haemolytic risk. Although the current analysis was not designed to prove this hypothesis, the data show that using a combination of spectrophotometry and flow-cytometry is a feasible approach for the study of the phenotypic interaction of G6PD deficiency and haemoglobinopathies and could be used in clinical trials performed in populations where Hb variants are very common, for example in Cambodia and Laos.
Using the flow-cytometric assay it is possible to analyse an induced haemolysis in subjects with different G6PD phenotypes treated with different drug regimens, not only by assessing haemoglobin drops but also by analyzing the actual change in the proportion of circulating G6PD deficient RBCs. The assay is also useful in studying the dynamics of haemolysis in subjects with acute malaria and with different parasitaemic loads. This will allow a better comprehension of the relationship between drug dosage and haemolysis in subjects with different G6PD variants and activity levels in subjects with virtually any haematologic picture (including anaemia of various aetiologies and abnormal haemoglobins). Field based characterization of G6PD phenotype will likely be done in the future through the use of Point-Of-Care (POC) quantitative tests (for example Biosensor machine 25 ). Haemoglobin concentration might be part of the algorithm to decide whether treatment with primaquine and other 8-aminoquinolines can be used. A flow-cytometric G6PD assay with characteristics of POC is not feasible now for staining constraints (including use of sodium nitrite and potassium cyanide and incubation duration) but might be available in the near future since portable flow-cytometers already exist (for example 26 and newer models with blue laser).
In conclusion, our data confirm that spectrophotometry and flow-cytometry are reliable techniques for the assessment of G6PD phenotype in non-anaemic subjects with normal Hb type. In anaemic subjects and in carriers of haemoglobinopathies the flow-cytometric assay is not influenced by the Hb concentration, the total number of RBCs or the reticulocyte count and can accurately estimate the percentage of G6PD deficient RBCs. The flow-cytometric assay represents a powerful tool for interpreting haemolytic risk and should be used in the future for assessment of post-treatment haemolysis in malaria patients treated with 8-aminoquinolines.
Methods
Human subjects research. Specimens Specimen collection and processing. Sample collection in Thailand among 146 adult healthy volunteers was already described in Bancone et al., 2015; sample collection in the USA among 97 healthy volunteers of African-American heritage was already described in ref. 8 . In Thailand, venous blood was analysed for complete blood count (Nihon Kohden CeltacF MEK-8222K), manual RBC morphology was assessed using Wright stain and manual reticulocyte count was assessed using New Methylene Blue. Haemoglobin variants were analysed using Capillary Electrophoresis (Capillarys2, SEBIA, France). In both the Asian and African-American samples, G6PD mutations were analysed by gene sequencing as in the paper from LaRue and colleagues 8 . The spectrophotometric assay was performed in duplicate on whole blood samples using Trinity kits (Trinity, Ireland) and the activity was calculated as IU/gHb and U/RBC using data obtained from the complete blood count. Calculation of activity per number of RBCs was suggested in the presence of hypochromic RBCs 27 . The flow-cytometry based assay was performed in duplicate according to published protocol using 5 µl of packed RBCs 9 and was analysed using an Accuri ™ C6 flow-cytometer (BD Biosciences, Singapore) with a blue laser (488 nm) on a total of 30,000
RBCs per replicate. In the Asian samples the flow-cytometry read-outs were performed on freshly stained samples and repeated on samples kept at room temperature after staining for 1-3 hours in order to assess stability of analysis overtime.
Statistical analysis. Flow-cytometry raw data were imported into R, a statistical programming software environment 28 . The characterization of the number of bright cells, the metric used to gauge G6PD activity in the MRT using flow-cytometric techniques was done using proprietary software developed by PATH within the R environment (https://mkalnoky.shinyapps.io/MosaicG6PDflow/).
For the Asian samples only, flow-cytometry read-outs were also analysed using FlowJo software (Tree Star Inc, USA). After the exclusion of duplets on FSC-A/FSC-H dot plot, FL1 fluorescence intensity (Blue laser detection with a Band Pass 533/15 nm) was plotted to analyse distribution of fluorescence in RBCs. Deficient samples showed a single peak distribution in the low fluorescence range (left part) with often a second small peak in the high fluorescence zone which represents reticulocytes and young mature erythrocytes; G6PD normal samples usually showed a single peak distribution in the high intensity range (right part). Samples from heterozygous women showed bi-modal distribution with varying relative proportion of cells in each range. The central limit of the bi-modal distribution was used as cut-off for defining percentage of G6PD deficient and normal RBCs in all the other samples. Correlation between the Mosaic G6PD Flow Tool and the FlowJo analysis was analysed by linear regression.
Differences in haematologic parameters among groups were analysed by Chi square or ANOVA. Anaemia was defined as Hb concentration ≤ 11.5 g/dL 29 . Pearson's coefficient was used to analyse the correlation between enzymatic activities as assessed by the different assays. The comparison of G6PD activity between spectrophotometry and flow-cytometry in heterozygous women was performed in the following way: the activity by spectrophotometry (calculated as IU/gHb or U/RBCs) was expressed as a percentage of the population median and compared with the actual percentage of normal RBCs as counted by the flow cytometer using Bland-Altman analysis. Furthermore the residuals from a best linear fit between spectrophotometry and flow-cytometry were plotted against their mean to inspect for agreement between the two assays 30 .
Data Availability. The datasets generated during and/or analysed during the current study are available at https://dataverse.harvard.edu/dataverse/G6PD-flow-cytometric or from the corresponding author.
